ABSTRACT: The tall noise barrier recently installed on Shinkansen structures has a low natural frequency; therefore, it may resonate with dynamic loads such as the train draft which has not been a crucial condition for design. The aim of this study is to evaluate the dynamic response characteristics of the noise barrier and to propose a dynamic design method of the noise barrier on the basis of measurement and numerical analyses. As a result of the study, it has been found out that the dynamic response of the noise barrier excited by the train draft is dominated by the resonance effect between pulse excitation of the train draft and the natural frequency of the noise barrier and the overlapping effect of the tail pulse of passing train. Methods to generalize the resonance effect by a multi-body system and the overlapping effect by the free vibration theory of the SDOF system have been proposed. In addition, two design methods have been proposed: a precision method based on simulation and a simplified method. The range of application of 1.0kN/m 2 previously used as the design load has been verified on the basis of the natural frequency of noise barrier.
INTRODUCTION
Noise barriers are installed on high-speed railway structures for the noise reduction depending on the land use along railway lines in Japan. Those which consist of H-shaped steel struts and precast PC plates have come to be used frequently with a view of construction cost reduction and labor-saving construction. In the design of H-shaped steel struts which determine the structural performance of the noise barrier, various effects have to be taken into account such as the train draft，the fatigue，the propulsive force on the bridge railing, the flying snow due to the passage of trains, the effect of the earthquake and the wind load which often becomes a crucial action for design [1] [2] [3] . In general, the H-shaped steel struts of noise barriers have been designed so that they may have adequate yield strength for a design wind load of 3.0kN/m 2 , assuming a wind velocity of about 50 m/s. On the other hand, the design load for the train draft pressure which is the main topic in this paper is 1.0kN/m 2 . Since the value of the train draft pressure is adequately lower than that of the wind load, in practical designs of noise barriers, the train draft pressure is considered only in the evaluation of the fatigue failure without used in that of failure.
In recent years, needs of developing tall noise barriers has been increased with the progress of new Shinkansen line construction from an environmental viewpoint along railway lines in Japan. In terms of the practical application, the dynamic response amplification of such tall noise barriers due to resonance with train draft pressure during the passage of a high-speed train should be clarified, because their natural frequency becomes lower than that of conventional noise barriers.
A European standard UIC code, for the design of the structure such as the station buildings or noise barriers, specifies the way to decide the length distribution and the peak value of the train draft pressure during the passage of trains [4] [5] [6] . However, it doesn't consider the resonance phenomenon between the noise barrier and the train draft pressure on the basis of static design calculations.
From these backgrounds, the authors have developed tall noise barriers of a height equal to the rail level (hereinafter referred to as "R.L.") + approximately 4.0 m. In this paper, the following items were studied in order to propose a new design method of tall noise barriers against the train draft pressure during the passage of high-speed trains.
(1) To clarify the essential mechanism of the response of the noise barrier during the passage of a train on the basis of measurement and analysis. (2) To clarify quantitatively the effect of the various specifications on the response of the noise barrier during the passage of a train (3) To propose a practical design method for evaluating the response of the noise barrier during the passage of a train
ANALYSIS AND MEASUREMENT METHODS

Target noise barrier
Picture 1 shows the semi-cover snow storing type noise barrier to be discussed in this paper, which has been installed on viaducts of Shinkansen lines. Figure 1 shows the cross-section of the noise barrier. This type of noise barriers should be effective in reducing the amount of snow falling onto the bridge surface as a consequence of its bending shape of the H-shaped steel struts. The targets are the noise barriers whose height H is R.L. +3.953m (hereafter rounded off and expressed as "R.L. +4.0m") along the down-line side and R.L.+2.0m along the up-line side. The noise barriers on the up-line side have almost the same height as that of conventional noise barriers. They have H-shaped steel struts which are installed at 3m Dynamic response characteristics of the tall noise barrier on railway structures during passage of trains and its design method intervals and hollow prestressed concrete panels (hereafter called "PC panels"). The base of the H-section steel strut is fixed to RC bridge railing. The PC panels are fixed to Hsection steel flange using wedge shaped rubber.
Measurement methods
The wind pressure, strain and acceleration of the noise barriers were measured on an actual structure. The sampling frequency used for wind pressure and strain measurement was 1000 Hz, and that used for acceleration measurement was 2000 Hz. Figure 2 shows the installed condition of the measurement equipment. Accelerometers, strain gauges and air pressure gauges were installed on the noise barriers and the overhanging slabs.
The accelerometers and strain gauges were installed on the inside of the railway track. The air pressure gauges were installed at a distance of about 3.8 m from the center of the track, and 2.15 m (R. L. + 1.0 m) and 3.65 m (R. L. + 2.5 m) from the slab surface, above the inner side and outer side of the H-section steel flange. The value of the wind pressure acting on the H-section steel was calculated from the difference between both the pressure gauges.
Measurement cases
Impact vibration tests for grasping the vibration characteristics of the noise barriers and train running tests for obtaining the wind pressure and the dynamic response were carried out. In the impact vibration test, an impact hammer was used to produce artificial excitation in the vicinity of the accelerometers, and the acceleration was measured. In the train running tests where trains ran at a speed between 238 and 258 km/h, the wind pressure, strain and acceleration were measured in 5 cases for the up-line and 5 cases for the downline, that is, in a total of 10 cases. 
Analysis methods
In the numerical analysis, DIASTARS III, which can simulate the dynamic interaction between railway vehicles and railway structures, was used [7] . Figure 3 shows the detailed dynamic models of the structures. A wall type pier, an RC girder, and a rigid frame viaduct were modeled using the finite element method. The wall type pier and columns of the rigid frame viaduct were defined as beam elements, and overhanging slabs, intermediate slabs, vertical beams, horizontal beams of the superstructure of the rigid frame and RC girder were defined as shell elements. Any movement other than the rotation around the y-axis was constrained at the bearing part of the RC girder. The noise barriers along the down-line with a height of R.L. +4.0m were modeled, while regarding the noise barrier, along the up-line with a height of R.L.+2.0m, only the mass of the noise barriers was taken into account. The H-section steel struts were modeled by beam elements and the PC panels were defined as the lattice model using beam elements. The RC wall which exists at the foundation of the OCS poles, as shown in the photograph in Figure 3 , was also defined as the lattice model. At the connection between the PC panel and the H-section steel strut, any movement other than the rotation around the H-section steel strut axis was constrained. The connection between PC panels and the bridge railings were not taken into account so that the model may well express the conditions actual structures. Regarding the 38 m PC beam and the 10 m RC beam which exist next to the modeled structure in the longitudinal direction, only half of the mass which is borne by the support was taken into consideration. The value of the Young's modulus E c of the concrete material was set at 26.5 or 31.0kN/mm 2 . The Hsection steel struts were assumed to be elastic materials with a Young's modulus of 210kN/mm 2 . The damping of the structures was taken into account as the modal damping. The modal damping ratio for each mode of the noise barriers was set at 1%, based on impact vibration test results to be mentioned later in this paper, and that of structures was set at 1% or 2%. Figure 4 shows the dynamic model of the interaction between wheels and rails. Dynamic interaction force between wheels and rails was calculated on the basis of vertical and horizontal relative displacement between them. The dynamic interaction force in the vertical direction was modeled as the Hertz contact force and that in the horizontal direction was modeled as the creep force and the flange pressure. Figure 5 shows the dynamic model of railway vehicles. The railway vehicle model was created in the form of a rigid body, the elements of which were a carbody, two truck frames and four wheelsets with springs and dampers. Then, the vehicle has 31degrees of freedom. Figure 6 shows the dynamic model of the train draft pressure. When the front section of a train is passing, pressure variations are observed due to positive-to-negative pulses (hereafter called "front pulses"), and when the tail section of the train is passing, pressure variations are observed due to negative-to-positive pulses (hereafter called "tail pulses"). The shape of the train draft pressure waveform in the direction of the bridge axis was modeled using triangular pulses which reproduced pressure variations, as shown in Fig. 6 (a). The peak value of each pulse was set based on measured pressure Figure 4 . Dynamic model between rails and wheels 
Car length (25m) . Dynamic model of train draft pressure coefficients which were normalized by dynamic pressure respectively. The pressure gradients K in and K out due to the pressure variation at the front and tail of the passing train were set based on the distances l in and l out between the positive-tonegative peaks obtained from measurement results. The gradients before and after the peak were set at 1/3 of K in and K out , based on the measurement results. As shown in Fig. 6 (b), the shape of the train draft pressure waveform in the vertical direction was assumed to be a straight line that varies in the vertical direction. The straight line was set by linearly interpolating the wind pressure at the locations (R.L.+1.0m, R.L.+2.5m) of the air pressure gauges in the vertical direction. In addition, the area of the noise barrier was divided into three parts, the area of the bridge railings was divided into two parts, and area integration of the wind pressure P was performed over the predominant area, in order to define the moving line load F i (i = 1 -5).
Analysis cases
Reproduction analysis aimed at reproducing the measurement results, as well as parameter analysis aimed at grasping the dynamic response characteristics of the noise barrier were carried out. To ensure that the conditions used in the reproduction analysis are close to the conditions used in actual measurement, the Young's modulus of concrete E c was set at 31.0 kN/mm 2 , the peak value of the train draft pressure was set equivalent to the mean value of the measurement results, the train speed was assumed to be 252 km/h, and the mode damping ratio of structure vibration modes was set at 2%. To ensure that the results of the parameter analysis can be on the safe side, E c was set at the design value of 26.5 kN/mm 2 , the peak value of the train draft pressure was set equivalent to the maximum value of the measurement results, fifty cases of train speeds, namely 10, 20, …, 500 km/h were used, and the mode damping ratio of structure vibration modes was set at 2%.. Table 1 shows the analysis cases of the parameter analysis. Four actions cases shown in the table were set. Table 2 shows the natural frequencies and the modal damping ratio, as the result of identification of the natural vibration modes of the noise barrier based on impact vibration tests. The identification method which combines a free vibration waveform with Eigen Realization Algorism was used [8] . The natural frequencies of the noise barrier with a height of R.L.+2.0m are 8.8 Hz, and that of the noise barrier with a height of R.L.+4.0m are 3.3Hz or 4.6Hz on the basis of impact vibration tests. Moreover, even for noise barriers which have the same height of R.L.+4.0m, the natural frequencies are different between those on RC girder and Ramen viaduct. This is because the noise barrier on the RC girder has shorter constrained distance between RC walls of the OCS pole foundation in the direction of the bridge axis than that on Ramen viaduct. The modal damping ratios of the noise barrier on the RC girder are roughly 0.5-1.5%, and roughly 1.0-2.0% on Ramen viaduct, for each mode, indicating that it is somewhat higher in the case of the noise barrier on Ramen viaduct. Table 2 shows the above results together with the results of Eigen analysis performed using a finite elements model. As shown in the table, it can be confirmed that an increase of about 17% in E c causes the natural frequency of the noise barrier to increase by about 5%. It can be also confirmed that when E c is 31kN/mm 2 , there is good agreement between measurement and analysis of the natural frequency of the noise barrier in each vibration mode. Figure 7 shows the modal vibration shape of the noise barrier obtained from the results of eigenvalue analysis in the case where E c is 31kN/mm 2 , and the results of the impact vibration test. The size of the circles ○ in the measurement results indicates the modal amplitude. Although there are few measurement points, it can be confirmed that there is good agreement between the results of measurement and analysis of the modal vibration shapes of the noise barriers. Figure 7 . Vibration shape of first natural vibration mode of noise barrier Figure 8 shows the relationship between the train draft pressure peak values P in (+), P in (-), P out (+) and P out (-) and the speed of the train on the basis of the train running tests. In addition to these values, the figure also indicates a value of C p is equivalent to the mean value of the measurement results. From the figure, it can be confirmed that the peak value of the train draft pressure tends to increase with train speed. Moreover the peak value of the train draft pressure when the train moves away is about 40-80% of that generated when the train is coming. Figure 9 shows comparisons of time history waveforms of measurement results with analysis results of the strain response, the acceleration response and the displacement response. The acceleration response and the displacement response are the results obtained at the top of the H-section steel strut of T-2 indicated in the figure, and the strain response is calculated from the bending moment response and the section modulus at the basis of the H-section steel strut. The displacement response was calculated by performing integration of the acceleration two times after passing measured acceleration data through a 1-100 Hz band-pass filter. As shown in the figure, it can be confirmed that the measurement results agree closely with the analysis results, and that the analysis method used in this study can be validated. It can be also confirmed that the strain response and the displacement response vary depending on the train movement, especially when the front or the tail of the train is passing. The acceleration response has high frequency components that have certain amplitude, even when the intermediate section of the train between the front and the tail are passing. In this analysis, the damping ratio of each vibration mode of the noise barrier is set at 1%, and the value is fairly appropriate considering the degree of matching of the residual waveform after the train has passed.
ANALYSIS AND MEASUREMENT RESEULTS
Natural vibration modes of noise barrier
Train draft
Dynamic response of noise barrier during passage of trains 3.3.1 Time history
Effect of train speed
Figure 10 (a) shows the relationship between the maximum strain response at the basis of the H-section steel struts and the train speed, which is obtained from Case-1, the basic case for parameter analysis. The figure also indicates the maximum strain response of T-1 and T-2 obtained from the train running tests. From the figure, it can be confirmed that, although the test was performed within a limited speed range, the maximum strain response values obtained from the measurement and the analyses agree well with each other. The maximum strain response is about 200μ at the noise barrier on the RC girder and about 300 μ at the noise barrier on the rigid frame, even in the case where train speed is 300 km/h. It can therefore be confirmed that these values are sufficiently low compared to the H-section steel yield strain of 1500 μ.
Component analysis of noise barrier response
Case-2 in Fig. 10 (b) is the case where two pulse waves corresponding to the front and tail of the train are dynamically applied without the train load being applied. From the figure, Case-2 agrees almost completely with Case-1 in the highspeed areas. On the other hand, it can be seen that when the maximum strain response of the H-section steel struts is smaller than about 50μ in the low-speed areas, the response is smaller than Case-1. Case-3 in Fig. 10 (c) is the case where only 1 pulse wave at the front of the train is dynamically applied. From the figure, it can be seen that in the areas where the train speed is no more than about 400 km/h, this case coincides with Case-2. On the other hand, in the areas where the train speed is more 
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Train speed (km/h) (c) Case3 (d) Case4 Figure 10 . Analysis result of maximum strain response of H steel than 400 km/h, the sharp peak characteristically seen in Case-1 or Case-2 cannot be confirmed in Case-3. From this fact, this result provides that these sharp peaks results from the tail pulse. Case-2 is about 40% higher than Case-3 when the train speed is 430km/h, and is about 10% smaller than it when the train speed is 470km/h. Figure 11 shows the time history waveform of the strain response at the basis of T-1 in the case where the train speed is 430 km/h and 470 km/h as well, in which cases the overlapping effect of the pulses from the tail of the train can be clearly observed. From the figure, it can be confirmed that the waveforms of Case-3 and Case-2 coincide with each other until the back of the train has passed, however, at the time when the pulses are input after the tail of the train has passed, differences can be observed. In other words, it can be seen that the tail pulses act in the same direction as the vibration of the noise barrier in the case where the train speed is 430 km/h, causing the response strain to be amplified, on the other hand, the tail pulse act in the opposite direction in the case where the train speed is 470 km/h, causing the response strain to be reduced.
Case-4 in Fig. 10 (d) is the case where only 1 pulse from the front of the train is applied statically. The impact factor which indicates the dynamic resonance amplification can be evaluated, because the absolute value of the input train draft pressure is the same. Figure 12 shows the impact factor of the maximum response which was calculated as the values of Case-3/Case-4 -1. From the figure, this result provides in the zone where the train speed is less than 150 km/h, the impact factor is roughly 0, but after the train speed exceeds about 200 km/h, the impact factor abruptly increases, and when the train speed becomes 300-400km/h, the impact factor reaches the maximum value. This is because once the train speed exceeds 200 km/h, the component at frequency range of 3-4 Hz, which is the natural frequency of the noise barrier, increases, as shown regarding the frequency characteristics of the pulse input of the train draft pressure. In addition, although each H-section steel strut has the same cross-section specifications, amplifications of impact factor differ from one place to another. This is because the modal contribution ratio of the dynamic response differs depending upon the location of the H-section steel strut.
Therefore, it was made clear that the response of the noise barriers due to the train draft pressure depends upon the resonance phenomenon between the excitation frequency of the train draft pressure and the natural frequency of the noise barrier and the overlapping phenomenon due to the tail pulse. Figure 13 shows a dynamic model of the noise barriers on the basis of the multi body system (hereafter called "generalized analysis"). This paper describes a method of generalizing the response of the noise barriers in the transverse direction to the bridge axis with this generalized analysis. In this model, the H-section steel strut is expressed as a single degree of freedom system which has the mass of m r , rigidity of k r as bending stiffness of the H-section steel strut, rigidity of k r0 as bending stiffness of the strut at both ends and rigidity of k c as connection between each strut. The rigidity k r0 of the H-section steel strut is calculated based on the natural frequency f r (hereafter called "fundamental natural frequency") which does not take into account the coupling with the adjacent H-section steel struts via the PC panel. The rigidity k r0 of the H-section steel strut at both ends is calculated based on the rigidity which includes that of the RC wall. Consequently, k r0 was found to be equal to 6k r when the rigidity was calculated from the beam theory. k c is calculated based on the PC panel and the bridge railing which connect each H-section steel strut. As the result of calculations of k c of the target noise barrier based on the lattice model of the PC panel and the bridge railing using beam elements, k c was found to be equal to 2k r . The damping of the structural system was taken into consideration as modal damping, and the modal damping ratio of each mode was set at 1% so that the ratio is the same as that used for detailed analysis.
GENERALIZATION OF DYNAMIC RESPONSE OF NOISE BARRIER DURING PASSAGE OF TRAINS
Resonance effect of natural vibration mode
In Fig. 14 (a) , as general conditions it is assumed that the number of H-section steel struts n n is between 6 and 15 and the train speed V is the commercial operating speed of 260 km/h. This figure shows the impact factor i nbr,r which constitutes the resonance effect due to the natural vibration mode calculated by generalized analysis using the multi-body of Figure 13 . From the figure, it can be seen that i nbr,r is roughly between 0.5 and 5.0 under general conditions. 
Overlapping effect of tail pulse
Assuming the free vibration in a single degree of freedom system, the response displacement of the single degree of freedom system decays exponentially depending upon
Where ξ is the modal damping ratio, f is the natural frequency, and t is time. When the length of the train is defined as l v (m) and its speed as v (m/s), the response when the tail of the train is passing, in a single degree of freedom system excited by the front pulses of the train, decays to
ξ − times the maximum response generated by the front pulse of the train. If it is assumed that the input magnitude of the tail pulse is β times of the front pulses, the response when the tail of the train is passing will be (β+
) times the response generated by the front pulse. In addition, if the fact that the response from the noise barrier due to the resonance effect varies depending upon l in and l out is taken into consideration, the impact factor i nbr,s of the overlapping effect due to the tail pulse can be defined as Eq. (1).
In Fig. 14 (b) , as general conditions, it is assumed that the factor β of the tail pulses is 0.8, l in equals l out , the length of the train l v is between 200 and 400 m, and the speed of the train v is the commercial operating speed of 72.2 m/s. This figure shows the impact factor i nbr,s of the overlapping effect due to the tail pulses calculated by Eq. (1) . From the figure, it can be seen that i nbr,s is roughly between 0 and 0.8 under general conditions. It is confirmed that these proposed models can provide almost same results as the detailed analysis results shown in Section 3.
DESIGN METHOD OF NOISE BARRIER DURING PASSAGE OF TRAINS
In response to the fact that the design method has shifted to the performance based design stipulation, two methods will be proposed in this paper, a method based on simulation and a simplified method so that practical designers can select a suitable method for the particular needs.
The method based on simulation
The method based on simulation is complicated, but provides higher accuracy than the simplified method. It enables designers to calculate the response value of any desired structure or member accurately by dynamic analysis, regardless of the structural type of the noise barrier. To be concrete, the train draft pressure is set, and a solution is obtained using the finite element method. Figure 15 shows the design train draft pressure distribution proposed in this research. As shown in the figure, the distribution of the train draft pressure is assumed to be constant in the vertical direction, while in the bridge axis direction a model of the front pulses and the tail pulses is made as a triangular distribution. The design value P in (N/m 2 ) of the peak value of the front pulses is calculated using Eq.
(2). Here, ρ is the density of air (1.25 kg/m 3 ), v is the train speed (m/s), and C p' is the pressure coefficient which depends upon the distance a g (m) away from the center of the track shown in Eq. (3). k' is set at 1.4 in order to envelop the measurement results conducted in this research and past measurement as well, using a coefficient for taking into account the maximum value of the train draft pressure acting on local parts and the effect of the front shape of the car-body. It was known from measurement that the peak value of the tail pulse of the train is slightly smaller than that of the tail pulse of the train, so it is set at 0.8 times the peak value of the front pulse. On the basis of lots of measurement results, these values are set taking into account convenience of design and evaluation on the safe side, therefore, it is recommended that rational values is in the cases where they are already obtained by reasonable measurement or analyses.
Simple method
In the simplified method, a uniform design train draft pressure P d0 is applied statically, without the above dynamic analysis being performed. In the case where the structural type is limited to the type of H-section steel struts and PC panels, it is possible to carry out a rational design to a certain degree of accuracy. The design train draft pressure P d0 was set as a value that envelops the reference train draft pressure P d that is calculated taking into account the impact factor calculated using Fig. 14 under general conditions. The separation a g is assumed to be 3.8 m, and P in is assumed to be approximately equal to 0.5kN/m 2 . Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014 Figure 16 shows the reference train draft pressure P d , the current design train draft pressure, and the design train draft pressure P d0 proposed in this paper, which is indicated in Eq. (5) . From the figure, it can be seen that if the fundamental natural frequency of the noise barrier is set at 5 Hz at least, it is possible to avoid response amplification due to resonance with the train draft pressure. In addition, if the natural frequency of the noise barrier is less than 5Hz, P d0 exceeds 1.0 kN/m 2 , which is the current design train draft pressure, and if the natural frequency of the noise barrier is less than 3Hz, P d0 exceeds 3.0kN/m 2 , which is the wind load that has been conventionally used for failure verification. These results confirm the fact that that train draft pressure can be a predominant design condition.
CONCLUSION
This paper describes a study aiming to propose dynamic design methods for tall noise barriers against passing trains. The following conclusions are obtained.
(1) The response of the noise barrier due to the train draft pressure is dominated by the resonance effect between pulse excitation of the train draft and the natural frequency of the noise barrier and the overlapping phenomenon due to the tail pulse of passing train. (2) A dynamic model using a multi body system was proposed as a method whereby the resonance of the noise barrier due to the train draft pressure is generalized. This study indicates that under general conditions, the impact factor of the resonance effect is between about 0.5 and 5.0. (3) The study indicates that the overlapping effect of the tail pulse of the running train could be generalized by free vibration theory in a single degree of freedom system. It also indicates that under general conditions the impact factor of the overlapping effect is between 0 and 0.8. (4) A method based on simulation and also a simplified method were proposed as practical design methods of tall noise barriers. As for a method based on the simulation, a design train draft pressure distribution was proposed on the basis of measurement results. As for a simplified method, a design train draft pressure that applies a value of at least 1.0kN/m 2 , in the case where the natural frequency of the noise barrier is less than 5 Hz, was proposed.
